The formation of premetastatic niches creates a fertile environment for the seeding of disseminated cancer cells in selected secondary organs. This is crucial for the development of metastasis in various malignancies, including breast cancer (BC). We previously reported that the loss of FBXW7 in bone marrow-derived stromal cells promoted cancer metastasis by increasing the production of the chemokine CCL2, which attracts myeloid-derived suppressor cells and macrophages to the premetastatic niche. Furthermore, treatment with the CCL2 inhibitor propagermanium (PG),
which has been used in Japan as a therapeutic agent against chronic hepatitis B, was shown to block the enhancement of metastasis in FBXW7-deficient mice through inhibiting the formation of premetastatic niches. Here, we describe a phase I doseescalation study of PG used as an antimetastatic drug for perioperative patients with primary BC. The primary end-point was the percentage of patients who experience dose-limiting toxicity. Twelve patients were enrolled in the study. Dose-limiting toxicity was not observed, and the maximum dose was determined to be 90 mg/body/day. The serum concentrations of PG were nearly within the normal range in all observation days. We observed an inverse correlation between FBXW7 mRNA levels in blood and the serum concentrations of CCL2 and interleukin (IL)-6, in agreement with our previous mouse model. Also, IL-6 was downregulated in a PG dose-dependent manner, as observed in mice. Thus, PG was given safely and it is expected to have antimetastatic potential in BC. This trial is registered in the UMIN Clinical Trials Registry as UMIN000022494.
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| INTRODUC TI ON
Distant metastasis is the leading cause of mortality in cancer patients, including those with breast cancer (BC), which is one of the most common malignant tumors worldwide 1 and remains a major cause of cancer death, despite advances in diagnosis and treatment. 1, 2 The process of tumor metastasis involves the interaction of primary tumor cells with the environment of distant organs (the premetastatic niche). Also important is the interaction of cancer cells with their environment after arriving in a distant organ (metastatic niche). 3 A premetastatic niche creates a fertile environment for the seeding of disseminated cancer cells in selected secondary organs. 4 The C-C motif chemokine 2 (CCL2, also known as monocyte chemoattractant protein-1 [MCP-1]) and the signaling pathway modulated by its receptor (CCR2) play a crucial role in the recruitment of monocytes to the sites of inflammation. 5 Recently, the signaling pathway in the tumor microenvironment has generated increasing interest due to its association with tumor progression and metastasis, including that in BC. [6] [7] [8] [9] CCL2 is overexpressed in breast cancer tissues, 10 and patients with high expression of CCL2 have early recurrence or poor prognosis in breast cancer. [11] [12] [13] We previously showed that increased expression of CCL2 due to downregulated expression of F-box and WD repeat domain containing 7 (FBXW7) in bone marrow-derived stromal host cells promoted the formation of premetastatic niches through recruitment of myelomonocytic cell-derived suppressor cells, thereby promoting metastatic tumor growth. 14 Our findings provided strong evidence that host cells play a critical role in tumor metastasis through the formation of premetastatic niches through the CCL2/CCR2 signaling pathway. 15 Furthermore, we showed that treatment with a CCL2 inhibitor, propagermanium (PG), blocked the enhancement of metastasis in FBXW7-deficient mice through inhibiting the formation of premetastatic niches. 14 Propagermanium is an organic germanium compound with a chemical structure of [(O1/2)3GeCH2CH2CO2H]n. It has been used clinically in Japan since 1994 as a safe therapeutic agent against hepatitis B virus e antigen (HBe)-positive chronic hepatitis type B. Treatment with PG decreased or eliminated HBe antigen and increased anti-HBe Ab, resulting in seroconversion. Also, the decrease of hepatitis B virus (HBV)-DNA polymerase activity and HBV-DNA content in blood has been reported. 16 Propagermanium targets glycosylphosphatidylinositol-anchored proteins that are closely associated with CCR and selectively inhibit CCL2/CCR2 signaling. 17 There has been growing interest in repurposing previously approved noncancer drugs as potential anticancer treatments. This approach offers the advantages of shorter development time, lower research cost, and lower drug prices. 18 Propagermanium could be repositioned as an antimetastatic drug for BC patients.
The primary objective of this phase 1 study was to assess the dose-limiting toxicity (DLT) of PG as a single agent and to determine its maximum tolerated dose (MTD) in perioperative patients with primary BC. The secondary objectives were to examine the serum concentration of PG and the safety of treatment of BC patients.
| MATERIAL S AND ME THODS

| Patients
It is well known that surgery and other perioperative stresses can promote metastasis, 19 suggesting that it is important to suppress cancer metastasis in the perioperative setting. Therefore, in this study of primary BC patients, we examined the perioperative use of PG, which has the potential to suppress cancer metastasis by inhibiting the formation of premetastatic niches. 
| Propagermanium
Serocion Capsule 10, containing PG, was produced by Sanwa Kagaku Kenkyusho. The active pharmaceutical ingredient in each capsule was 10 mg PG. Serocion was launched in Japan in 1994 as an oral drug for chronic HBV infection. The patients took PG capsules 3 times daily in the observation period.
| Study objectives
The primary objectives were to determine DLT and to estimate the MTD. The secondary objective was to evaluate the safety and pharmacokinetics of PG.
| Study design and procedures
This multiinstitutional, open-label, phase I study, a dose-escalation trial, was carried out in compliance with the study protocol, the Declaration of Helsinki, and Japanese Good Clinical Practice guidelines. All patients provided written informed consent. Propagermanium was given from 7 days before surgery to the final day except for the day of surgery. The The Trial Coordination Office for this trial was EP-CRSU Co., Ltd.
Safety was monitored by EP-CRSU Co., Ltd.
| Dose-limiting toxicity
Dose-limiting toxicity was defined as a treatment-related grade 3 or higher adverse event (AE) observed during the DLT evaluation period in each stage ( Figure 2 ). We previously showed in a mouse model that the enhancement of metastasis could be blocked by administration of PG at a concentration equivalent to 30 mg/day in humans. 14 In addition, PG was reported to inhibit the CCL2/CCR2 pathway in a dose-dependent manner in vitro. 17 These results suggested that PG could suppress metastasis in a dose-dependent manner. Furthermore, the previous phase I study of PG for human chronic hepatitis B determined 90 mg/body/day as the highest dose among 15, 30, 60, and 90 mg/body/day (http://www.info. pmda.go.jp/go/pack/39190 07M10 21_1_09/?view=frame &style =SGML&lang=ja). Therefore, we undertook a phase I dose-escalation study of PG (30, 60, and 90 mg/body/day) in BC patients. The MTD was the highest dose at which no more than 1 of 3 patients experienced a DLT. Three additional patients were planned to be enrolled at the MTD or the highest planned dose (90 mg/body/day) to confirm safety.
| Safety
The safety of each treatment group was assessed by evaluating study drug exposure, AEs, all deaths, changes in laboratory determinations, and vital sign parameters. Adverse events reported from the start of PG treatment until 28 days after discontinuation of PG were collected ( Figure 2 ). Adverse events were assessed according to the Common Terminology Criteria for Adverse Events version 4.0.
| Serum concentration of PG
The serum concentration of PG was measured in blood samples (3 mL) collected on days 0 (predose), 7, and 15 (PG dose) ( Figure 2 ). The concentrations were measured by liquid chromatography/mass spectrometry at Sumika Chemical Analysis Service (Osaka, Japan 
| FBXW7 mRNA expression in blood
The expression level of FBXW7 mRNA was analyzed by quantitative RT-PCR as described previously 14 
| Statistical analysis
Associations between the variables were tested with the Mann- 
| RE SULTS
| Patient characteristics
A total of 12 female BC patients (3 in a 30 mg/body/day cohort, 3 in a 60 mg/body/day cohort, and 6 in a 90 mg/body/day doseexpansion cohort) were enrolled in this study and received at least 1 dose of SK-818. All patients were at TNM stage I, II, or III, and had undergone curative surgery. The patient characteristics are summarized in Table 1 .
| Safety and DLTs
Seven AEs were observed in 12 patients during the PG treatment period. All AEs were grade 1/2, with the most common being back pain (16.7%) and fever (16.7%). Fever was considered a treatmentemergent AE. The AEs for all dose levels are listed in 
| Serum concentration of PG
| Correlation among FBXW7 mRNA levels in blood and serum concentrations of multiple cytokines and chemokines
In our previous study of FBXW7-deficient mice, the serum concentrations of various cytokines and chemokines were examined to explore how FBXW7 affected the formation of the premetastatic niche. 14 In this clinical trial, we also investigated the correlation between FBXW7 mRNA levels in the blood and serum concentrations of multiple cytokines and chemokines. The correlation diagram is shown in Figure S1 . Interleukin-1β, IL-2, IL-4, IL-12p70, IL-13, and GM-CSF were not assessed because they were not detected.
As expected, Spearman's rank correlation coefficient showed a F I G U R E 3 Serum concentrations of propagermanium (PG; n = 36) as an antimetastatic drug for perioperative patients with primary breast cancer. The upper limits of normal at the 30, 60, and 90 mg/day of PG were 120, 260, and 400 ng/mL, respectively F I G U R E 4 Correlation among FBXW7 mRNA levels and serum concentrations of C-C motif chemokine 2 (CCL2) and interleukin (IL)-6 in perioperative patients with primary breast cancer treated with propagermanium significant inverse correlation between FBXW7 mRNA expression and the levels of CCL2 and IL-6 in blood (IL-6 is induced by CCL2) (r = 0.404 and 0.356, P = .015 and .033, respectively) ( Figure 4 ).
| Relationship between dose level of PG and serum concentrations of multiple cytokines and chemokines
The correlation diagram of PG and the serum concentrations of multiple cytokines and chemokines are shown in Figure S2 . There was no statistically significant correlation between the dose level of PG and FBXW7 mRNA expression level or CCL2 level in blood.
Of note, IL-6 was downregulated in a PG dose-dependent manner ( Figure 5 ).
| Relationship between FBXW7 mRNA expression in blood and clinicopathologic factors in primary BC
Our previous study showed that BC patients with low expression of FBXW7 in blood had poor prognoses. 14 In this study, the relationship between clinicopathologic factors and FBXW7 mRNA expression in blood on day 0 was examined. As shown in Table 3 , FBXW7 mRNA levels in blood were inversely associated in the group with the high malignant potential such as high nuclear grade (2, 3) and with high Ki-67 (20% or higher) (P = .003 and .037, respectively).
F I G U R E 5
Relationship between the dose level of propagermanium (PG) and FBXW7 mRNA level and serum concentrations of C-C motif chemokine 2 (CCL2), and interleukin (IL)-6 in perioperative patients with primary breast cancer. PG given as 30 mg/day (n = 3), 60 mg/day (n = 3), and 90 mg/day (n = 6) It is well known that the IL-6/STAT3/vascular endothelial growth factor A axis plays a crucial role in tumor angiogenesis. 20, 21 Interleukin-6 is downstream from CCL2. [20] [21] [22] In a mouse model of metastatic BC, IL-6 was downregulated by CCL2 neutralization by anti-CCL2 Ab, resulting in inhibition of metastasis. 23 Consistent with these reports, serum IL-6 levels were downregulated in a PG dose-dependent manner, implying that PG might have the potential to inhibit metastasis in human BC. Furthermore, the maximum dose at 90 mg PG per day could be the most promising dose for preventing metastasis.
TA B L E 3 Correlation between FBXW7 mRNA expression in blood and clinicopathological factors in breast cancer
| D ISCUSS I ON
Interestingly, serum CCL2 levels increased after surgery and remained high until the final observation day, which was approximately 2 months after surgery, suggesting that CCL2 continued to be activated for at least 2 months after surgery, possibly a result of operative stress or inflammation, 24 and might promote cancer metastasis. Given this result, it might be better to administer PG for 2 months or longer as adjuvant therapy to inhibit metastasis. Further study will be required to determine the duration of PG treatment for prevention of metastasis after surgery.
Several clinical trials of CCL2 inhibitors have been undertaken for therapeutic intervention in solid malignancies. 8, 9 In a mouse model, Bonapace et al found that the interruption of treatment with anti-CCL2 neutralizing Ab led to enhanced metastasis due to an influx of monocytes into the metastatic site and a rebound of IL-6 levels. 23 In conclusion, this study of PG as monotherapy in BC patients has shown a manageable safety profile and provides a basis for exploring the clinical use of PG as an antimetastatic drug for BC patients. In the future, phase II clinical trials would be required to test the maximum dose (90 mg/body/day) of PG for direct assessment of its antimetastatic potential and other potential mechanisms of action. 
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